Hydrodenitrogenation
(HDN) reactions of different types of nitrogen compounds in the same phase proceed by a competitive mechanism.
The rate of HDN of aniline was higher than that of HDN of pyridine when the reactions were carried out separately in the individual reactions.
On the contrary, the rate of HDN of aniline was lower than that of HDN of pyridine in the simultaneous HDN reaction of a mixture containing aniline and pyridine.
Langmuir-Hinshelwood equations were employed to predict both the individual and the simultaneous HDN reactions, quantitatively. Not only rate constants, but also adsorption constants onto catalyst surface, are included in the Langmuir equations.
The appropriate values of the rate constant and the adsorption constant were kinetically estimated by computational analysis of experimental data on kinetic measurement. The Langmuir equations, including the estimated rate constants and the adsorption equilibrium constants, could predict both the individual and the simultaneous HDN reactions of aniline and pyridine.
Introduction
There are several types of nitrogen-containing compounds in coal-derived liquids (CLD)1)-3); such as pyridine, quinoline, pyrrole, indole, carbazole, aniline and their homologs, as typical nitrogen compounds.
The content of the nitrogen compounds must be reduced to the level acceptable for consecutive reactions by hydrotreatment, namely hydrodenitrogenation (HDN), to produce petroleum alternative transportation fuel. Much efforts have been directed to, not only developing catalysts4)-9), but also optimizing process configuration and operating conditions10), 12) in order to improve the efficiency of hydrodenitrogenation (HDN). Ni-Mo/alumina catalysts are preferable to Co-Mo/alumina catalysts for hydrodenitrogenation (HDN)12)-15). It has been generally recognized that HDN reaction of nitrogen compounds, in which nitrogen atom is a part of or adjacent to aromatic ring, proceeds via hydrogenation of aromatic ring before C-N bond cleavage takes place in the conditions used in industrial practice10),16)-22).
Both aniline and pyridine took the same hydrogenation route in hydrodenitrogenation (HDN) of coal-derived naphtha fractions1). The HDN also proceeds by a competitive reaction in which the reaction of the weakly adsorbed reactants onto catalyst surface are inhibited by the strongly adsorbed reactants. While the HDN of aniline is known to react faster than the HDN of pyridine in the individual reaction, the HDN of aniline is slower than the HDN of pyridine in such a mixed phase as coal-derived naphtha over sulfided Ni-Mo/alumina catalysts1),23)-25). The Langmuir-Hinshelwood mechanism was employed to express the HDN reactions26). Sonnemans et al.27 ) examined the chemisorption of hydrogen, pyridine and piperidine onto alumina based catalysts.
They observed that such strongly adsorbed nitrogen bases as pyridine and piperidine did not poison the hydrogen chemisorption, and concluded that hydrogen and the nitrogen bases adsorbed on different sites.
One-site model of hydrogen and reactants chemisorption was mainly used in some kinetic analysis of hydrodesulfurization (HDS) study28), while two-site model was appropriate to form the Langmuir equations in the HDN reactions29)-32). Though the HDN reactions of pyridine27),29)-32) and quinoline33)-36) in the individual reactions were predicted by using several Langmuir-Hinshelwood forms, the simultaneous HDN reactions of the mixed feed of different nitrogen compounds were not satisfactorily predicted by using the Langmuir-Hinshel-wood equations37).
In the present study, the hydrogen-to-oil ratio of 700Nm3/kl. All of the liquid reactants were vaporized at the reactor inlet, in the conditions.
The products from the reactor outlet were led to the high pressure separator, and then to the low pressure separator. Gaseous products were analyzed by on-line gas chromatography. The on-line analysis was followed by injection of nitrogen gas to the liquid, to remove the HDN product, ammonia, remaining in the liquid, to be disposed into off-gas line. The liquid products, which were free of ammonia, were collected at the outlet of the low pressure separator, and quantified by a load cell. The overall mass balance was calculated from the hydrogen and the feed flow at the reactor inlet, the off-gas flow, and the composition of the off-gas and the liquid product. The HDN products were collected after the catalyst activity reached a steady state. The standard conditions were observed both for the first and the last sampling of each run to check the catalyst activity.
Analysis of Liquid Products
Total nitrogen of the HDN products was determined by a chemiluminescence nitrogen analyzer (Mitsubishi Chemicals, TN-05).
Components of HDN products were quantified by gas chromatograph (HP5890 II) equipped with a nitrogenphosphorous selective detector (NPD), an atomic emission detector (AED), and a mass selective detector (MSD). Most of the components could be separated completely with capillary tubular column and identified by utilizing the MSD with a co-elution of standard reagents. Quantities of each component of the products were measured by external standard method.
Results and Discussion

HDN Network of Aniline and Pyridine
It has already been confirmed in our previous study that HDN reactions of pyridine and aniline proceed via hydrogenation of aromatic ring, before C-N bond cleavage occur, in the conditions prescribed for the study as shown in Scheme 11). Similar results were obtained in the literature. The pyridine and aniline hydrodenitrogenation (HDN) proceed via hydrogenation of aromatic ring before C-N bond scission16)- 22) In the HDN of aniline, the amount of cyclohexane produced was exceeded one or two order of magnitude greater than that of benzene. Hydrogenation of benzene is negligible in the prescribed conditions13)-15). Hydrogenation of aromatic ring, therefore, predominantly proceed to give cyclohexane compared to the direct hydrogenolysis of Csp2-N bond to give benzene in the HDN of aniline.
Hydrogenation of benzene ring is rate determining step of the HDN of aniline, because cyclohexylamine was scarcely observed in the products in the authors' previous study10).
In the HDN of pyridine, n-Pentylamine is detected in small amounts throughout the reactions.
The hydrogenation route of pyridine to piperidine would reach the thermodynamic equilibrium in the early stage of the HDN reactions in the prescribed conditions27),38). The HDN rates of the pyridine and the piperidine coincided after the hydrogenation equilibrium was reached.
These results indicated that both HDN of pyridine and piperidine could be treated as the same reaction in the steady state. 3.2.
HDN Properties for Aniline and Pyridine Shown in Fig. 1 are the changes in nitrogen content versus space time in the individual HDN reaction of aniline, pyridine and piperidine. Though a leading time was observed to reach an equilibrium in the HDN of pyridine, both HDN of pyridine and piperidine proceeded with apparent zero order reactions with respect to the total nitrogen content in the steady state. In this study, the time leading to the hydrogenation equilibrium was assumed to be zero, to eliminate the effect of hydrogenation of pyridine to piperidine on the kinetic analysis.
HDN of aniline is faster than HDN of pyridine; the rate is first order with respect to aniline, as shown in Fig. 2 The inhibition of hydrogenation was observed both in the hydrogen sulfide and in ammonia in which the inhibition by ammonia was stronger than that of hydrogen sulfide, but the inhibition was not affected at all by the hydrogen sulfide when the ammonia was contained in the solvent.
Hanlon30) observed the inhibition of hydrogenation path of pyridine to piperidine by the hydrogen sulfide in HDN of pyridine, but the degree of the inhibition was slight. The following assumptions were made to construct the equations51); 1) HDN reactions proceed by first-order reaction with respect to the concentrations of adsorbed nitrogen-containing compounds on the catalyst surface, 2) Adsorption sites of the reactants are different from that of hydrogen27),30), 3) Attractive force of adsorption of nitrogencontaining compounds are much greater than those of the other reactants44), 4) Each nitrogen-containing compound is adsorbed in equal strengths onto hydrogenation site and hydrogenolysis site of the catalyst, 5) Hydrogen is weakly adsorbed with dissociation on the hydrogen dissociative site51). Equation (1) where rANI and kANI are the rate and rate constant of aniline HDN, KANI and KAM are the adsorption equilibrium constants of aniline and ammonia, PANI, PAM and PH2 are partial pressure of aniline, ammonia and hydrogen, PANI,0 and Foil,0 are the initial partial pressure of aniline and initial flow rate of aniline solution, XANI is conversion of aniline at a given space time, and W is weight of the catalyst, respectively.
The adsorption equilibrium constants of aniline and ammonia were iterated until optimum agreement with the experimental data were obtained by using the least square method.
In Fig. 4(A) is shown the left hand of Eq. (2) versus W/Foil,0PANI in right hand of Eq. (2) by using the adsorption constants of aniline and ammonia obtained from the kinetic analysis. The rate constant of HDN of aniline was determined from the slope of the liner line of Fig. 4(A) . Similar kinetic analysis was carried out in the HDN of pyridine, as shown in Fig. 4(B) . The adsorption constants of pyridine and piperidine were lumped together to simplify the kinetic analysis27),42). The calculated values are listed in Table 2 . Equations (3) and (4) are the Langmuir equations of the simultaneous reactions for HDN of aniline and pyridine.
The adsorption constants of pyridine, aniline and ammonia, and the rate constants of aniline and pyridine in Eqs. (3) and (4) were iterated until optimum agreement with the experimental data were obtained.
The following conditions were used from the results of the individual HDN reaction of aniline and pyridine: 1) The rate constant of aniline is greater than that of pyridine, 2) The adsorption constants of aniline and ammonia are also lumped together to simplify the kinetic analysis33), 3) The adsorption constants of pyridine and piperidine are exceed one order of magnitude 
Adsorption Equilibrium Constants
The rate constants and the adsorption equilibrium constants obtained in the kinetic analysis could be used to predict both the individual reactions and the simultaneous reactions of pyridine and aniline.
In HDN of pyridine, the appropriate values of the rate constant and the adsorption equilibrium constants could be determined in the steady state of the hydrogenation of pyridine to piperidine having reached an equilibrium, because HDN reaction did not proceed with the apparent zero order reaction before the equilibrium was reached.
There has been little publication on the absolute value of adsorption equilibrium constants and the rate constants in reference literature53).
The order of rate constants and adsorption constants in the Langmuir equations are consistent with the order found in other reports.
In general, the order of the adsorption constants is closely related to the basicities of the molecules, their pKa value or proton affinity.
La Vopa and Satterfield53) compared the calculated adsorption constants with proton affinities for nitrogen compounds, in the study on the poisoning effect in hydrodesulfurization (HDS) of thiophene. Table 2 . Adsorption equilibrium constants are principally proportional to the proton affinities and heat of adsorption, as shown in following Eqs. (5) and (6) .
where KADS is the adsorption constant, PA is the adsorption, R is the gas constant in kcal/mol K, and T is the absolute temperature. Good correlation was obtained between adsorption constants and proton affinities53).
Moet-Ner54) and Aue et al. 55 ) measured the proton affinity of nitrogen compounds in the gas phase, in the following order: piperidine (229.7kcal/mol)>pyridine (222 kcal/mol)>aniline (213.5kcal/mol)>ammonia (207kcal/mol).
Nagai et al.56) also examined the poisoning effect of several nitrogen compounds in hydrodesulfurization (HDS) of dibenzothiophene over sulfided Ni-Mo/alumina catalysts. They concluded that the poisoning effect of nitrogen compounds was not related with their solution basicities but with the gas-phase basicities. Lias et al.57) estimated the gas-phase basicities in the order of piperidine (218.2kcal/mol)>pyridine (213.1 kcal/mol)>ammonia (210kcal/mol)>aniline (202.5kcal/mol).
In summary, the order of adsorption equilibrium constants obtained from the kinetic analysis is consistent with the order calculated by the other experiment and with the order of such parameters as proton affinities or gasphase basicities. Absolute values of adsorption equilibrium constants obtained in the experiments, however, could not be satisfactorily calculated for the prediction of competitive reactions from neither proton affinities nor gas-phase basicities, at any given temperature.
Conclusions
Hydrodenitrogenation (HDN) reactions exhibit different behaviors among the individual reactions and the simultaneous reactions, in the same conditions used in industrial practice. The rate of HDN of aniline is higher than that of HDN of pyridine, when the reactions are examined separately for the individual reactions. On the contrary, that of the HDN of aniline was lower than that of HDN of pyridine with the rate of HDN of pyridine being unchanged, in the simultaneous reactions.
The simultaneous reactions are markedly appreciable as model of practical feedstocks.
The Langmuir type equations were employed to predicted the HDN reactions. Not only rate constants but adsorption equilibrium constants must be considered in the equations.
The estimation of the constants were carried out by the kinetic analysis. The predictions of both the individual reactions and the simultaneous HDN reactions of aniline and pyridine could be performed quantitatively by the Langmuir equations in which one set of rate constants and adsorption equilibrium constants were commonly used. The order of the estimated equilibrium adsorption constants was consistent with the other results and with other parameters such as pKa, proton affinities and gas-phase basicities.
